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two w ere made on different specimens. | E ‘leven of the specimens 


were finally tested into the plastic range. 


xcept for initial pi of small tests: were > made on the 


rese care, Test v ‘variables included th ‘the number of cover er plates, rivet ‘pitch, 
voile’ tension in ny and a variety of girder cross-section sizes up to 4 4 ft 


For mulas are osed for ¢ alculating riv ret or bolt pitch and size of welds © 


for the bolted, a ie and w welded plate girders, or, v vhen rivet pitch or weld 
"size are given, the torsional stiffness and. strength « can be 


 General.—In the of an open section such as an -beam, bending i is of 


"primary importance and the problem of torsion, if it exists at all, is usually | . 
secondary. If torsional loads are of primary concer n, a closed box or tube s section : 

A knowledge of the torsional behavior of built-up I-section girders is. 
_ expecially necessary in problems involving lateral buckling, as corroborated by 


recent investigators in t this field. Karl de Vries, M. ASCE, states ‘ ‘Torsion — 
formulas for plate girders do. not seem to be available edhe * George Winter, | 


__ Nore.—Written comments are invited for publication; the last discussion should be submitted by Octo- 
1 Formerly Research Asst., Dept. of Civ. Eng. and Mechanics, Lehigh Univ., Bethlehem, Pa.; ; now with — y 
the Pennsylvania State Dept. of Highways, Harrisburg, Pa. AP we 
_ _ 2Prof. of Structural Eng., Univ. of Michigan, Ann Arbor, Mich.; formerly Director: of Fritz Eng. 
“A Torsion Testing Machine of 2,000, 000 Inch-Pound Capacity,” by F. K. Chang, K. Endre Knudsen er 
B. G. Johnston, Bulletin No. 160, AS.T. M., September, 1949, p. 49. 


of Beams as Determined by Lateral Buckling, " by Karl de Vries, ‘Transactions ASCE 
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Analytical and was undertaken at Lehigh University, 
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> 
— 
4 
lz 
— 
& — 
— 
— 


M. ASCE, i in a similar paper sisal: s, “The amount of experimental evidence 


on the torsional behavior of built-up members cannot yet be regarded as 


The general mathematical treatment of the torsion a w vas i made 
by Saint-V enant® in 1855. | He also presented particular solutions for constant 
_ twisting moment applied to shafts of various cross sections. His solution e 
the rectangle is directly applicable to the plate girder, which ilies pr —— 


of an assemblage of narrow rec tangles. a es 


Summary of Torsion Theory.—The- development | of the | general torsion 

- _ theory®? is not within the scope e of this paper. In the case of a straight shaft of 

uniform, circular cross section, the relationship between torsional moment (M) 


and et of twist per unit length sii is giv en by ae 
— 
> 
is the modulus of elasticity in. shear, and J is the polar moment of 


in which G 
In the case of the circular section, plane cross sections before e twist 


‘inertia. 
“remain. plane after twist and the resultant shear stress at ; any point is -propor- 


tional to the distance from the central axis of the shaft . Neither of these 
_ assumptions will hold f. for ‘the noncircular sections, but the relationship given 


by Eq. 1 may then be n modified to 


in which K is defined a as a torsion constant® determined by the sh ape and 1 di- 
® uses the notation C as s equal 


mensions of the cross s section. Ss. Timoshenko”: 
of the section. 


K in w which C is ter med herd rigidity” 
thickness t, ~ by Saint-Venant reduces to 


® 


In the case of the « shaft the resultant ris giv ‘en by 


nt ne shaft. 


in w hich r r is s the radial ‘distanc e f from the central axis of the 
Fora a rectangular plate the resultant shear stress i in the « cross pss section. will be 


“nor mal ‘from the plane, except. near the narrow Away” 
at the surface of the broad sides, the maximum shear 


from the narrow edges, 
Stress in the narrow is closely a approximated by 


| 
: “Strength of Slender Beams,’’ by George Winter, hasemeien ASCE, Vol. 109, 1944, p. 1321. 
‘Resistance des Corps Solides,’’ by M. Navier, 3rd Ed., 1864, as edited by Saint-Venant. ve 
7 7“Theory of Elasticity,”” by S. Timoshenko, McGraw-Hill Book Co., Inc., New York, N. Y., 1934. ee 
“Structural B Beams i in Torsion,” Transactions, ASCE, Vol. 101, 


“Stre ngth Materials,” by Ss. Van Co., New York, N. Y., 2d Ed., ‘Vol. 2, 


by Lye and G. 
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PLATE GIRDERS 
_ ‘The maximum shear stress parallel with the narrow surface at the ends of the 
section is alwa ays | less i in in magnitude than the maximum stress int the broad sides, 
hence Eq. 5 gives the maximum stress in the section. ‘ WwW hen w is more than 
four times t, as in the case of "most components of structural ‘Sections, the error 


in Eq. 3 is negligible and : appr aches zero as Ww gets very large in comparison 
There’ site been many y investig: ations of tors on problems, few « of which | 
treat the subject. of built- -up ip girders, the primary | concern of this paper. es! y *. 
- _ The torsion of rolled structural I be: am and wide f flange sections had been 
subject of an earlier investigation.’ Formulas w ere e developed for evaluat 
the torsional constant (K) for rolled sections, but t 
_of these formulas to built- “up m member rs, such as riveted, bolted, or w elded unio 
girders was open to question. . The various components of a built-up “member 
may a act together as an equivalent solid section or , if not joined, » may act 
cae separately. _ The torsional stiffnesses evaluated for these extreme assumptions 
will be very different. . ba some practical ¢ cases, the equival alent solid section 
torsion constant (the measure of torsional stiffness) i is as much as 15 times as 
_ large as the value of K for separate action. In order to determine the n magni- 
; — var for built- up sections, an extensive experimental investigs ation was 
I E. “Madsen, 16 has made a study showing 
of and welded built-up 
all Beea ause small size specimens with cold driven rivets were used in the teste 
7 conducted by Mr. Madsen, the > object | of the investigation reported on in this 
paper was to test larger | irders and to make an extensive study of the various 
ie factors s such as pitch of rivets | and bolts, size of weld, tension in bolts, and the 
presence of stiffeners, that might affect the torsional behavior of built-up 


Buiit-up 


Ifa a n ‘each « of thickness ¢, ar are bolted or riveted er 
wl transmit a torsional moment, the range of behavior will be between that of 
a solid piece with the thickness n ¢ as one e3 extreme and that of 1 n plates twisted 
separately as the -other. The torsional constant of a a plate varies as the cube of | 
thickness. herefore, built-up plates with equivalent : solid section behavior | 
are much stronger and stiffer than built-up plates with separate action. With 
~ as the number of plates, the ratio of the moment of the solid piece ™ the 
‘moment of the stack of separate plates equals n for the same maximum resultant 
4 shear r stress. For the same angle « of ratio of moments becomes equal 
- ~ For example, a stack of 4 4 plates, Tiv eted together, will twist 16 times more 
and be stressed 4 times more if its ; plates ac act separately than if it behaves as an 
_ equivalent s solid section. In actual, cases, the built-up plates behave somew here 
betw een these two extremes, depending principally on the pitch, tightness 


—s ‘Report of Crane Girder Tests,”’ by I. F. Madsen, Iron and Steel Engineer, November, 1941. oY 
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be 
Between Different Components. —The different the built- 


up plate will slip longitudinally with | respect t to each other during t tw ist if loosely 


- 7 bolted together. a If this slip can be prevented, integral behavior, as previously 
defined, will be obtai ned. . The longitudinal slip between plates (assuming n no 


by the longitudinal Ww varping of each individual | cross (independent of 


the location of the ¢ center of tw ig and rd the longitudinal displacements 1 re- 


e of the second type of displacement. 
_ Longitudinal } w arping of the individual cross section may y be closely approxi- 


mated for the 1 narrow rectangular shape of thickness ¢ and width w. At section _ 
4 z-x in Fig. 1(a), a short distance from the narrow edge, the resultant shear will 


— MIDDLE PLANE 


Ox 


| 2 


= RECTANGLE WARPING 


acting parallel to the plane 2- will be of negligible magnitude. 
ste a unit length of section is twisted through the angle 6, with the center of twist 
at 0, section z-x must rotate as a rigid body through angle 6,. - For small angles =) 
“of twist there will be negligible longitudinal displacement of a middle plane 


the rectangle, except for regions very near the narrow edges. Hence, there 


will be longitudinal w: arping displacements equal i in magnitude to. Ox t/2 at the 
"surface of the ide face. Near the he narrow edges this: simple relationship will | 
& longer be valid and a more rigorous approach i is required for ‘Precise e evalua- 


tion. _ Nevertheless, the w warping displacement at the extreme corners s will be 


{ 
— >. 
of the center of twist and an arbitrary location of zero displacement. The 
| 


PLATE GIRDERS 
closely y approximated | for the very very narrow rectangle by letting © = w/2 an 
therefore, will equal approximately w t/4. 
The longitudinal displacements, ‘when the center of twist is not at the cen- : 
troidal axis but at. any location 0 as shown in Fig. 1(b) is next considered. 4 
Assume that point b does 
longitudinally andletrbe 

“the distance from point 0 to any 
point a ain the middle of the plane 
of the rectangle. The ‘angle 
betw een r and x is denoted Section 

length, any point a will be diss ais 
‘Placed transversely a distance r 

6 to point a’ and the component 
of this displacementin the middle 
plane of the rectangle willber 6 

sing = =a constant. Since 

there i is zero shear stress in the 

“middle plane of the rectangle 
(except near the narrow edges) 

constant lateral displacement 
equal to y can take place in — (Max Slip), 


through angle y 6, as shown wie (Relative 


‘Fig. (10). This rotation results } = Plane Rotation 
in longitudinal displacements of (b) UNIT LENGTH 


magnitude xy @ in the middle 


plane relative to point b. 


The total longitudinal displacement at point will be the due 
tov Ww varping added to the displacement due to ) rotation of the middle >plane. In- 


case of 2 rectangular by ‘side, : as shown in Fig. y= t/2, hence, 
w/2, the maximum longitudinal displacement of 


‘total tal slip betw een the two plates can be determined, 
* 


a a This e expression applies: to any number of plates as long a as they are | of the 
‘same . thickness. . i the plates are of different thickness, the term ¢ in Eq. 6 
should be the av erage thickness of the two ) adjacent plates i in question. i 


wa Pitch of Rivets or Bolts to Develop ‘Integral Action. —If it is s possible to elimi- : 
the relative of the several w bolted or riveted together, 


forces transmitted by the interfaces to 


— 
A. 
» 
5 
Toa 
— 
tm 
| 
as 
the middie plane x y = wt/4 and the relative disp acement oi thetwo middle 
lanes is If the relative displacement due to warping at point of Fig. 2° 
| 
> 
J 


= 


furnished in large me by friction developed as a result of the cmyng action 
A study of the “approximate | stress distribution within a solid: rectangular - 
ection: under torsion nm. will permit the determination of the pitch and bolt or rivet 
size required to transmit the necessary shear forces. Fig. 3(a) represents an 
imaginary section normal to the axis of a rectangular bar of width w and thick- 
ness t, transmitting torsional moment M. Away from the narrow sides (as at 
“section a-a) the resultant shear stress is proportional to the distance from the 
middle plane. _ Sy mbol Sy Tepresents the resultant shear force per unit width 
of the shear stresses in one direction acting over one half the thickness at 
section a-a; and S; must diminish to zero near the narrow edges but in a thin 


- reetangular section it will be nearly constant over most of the width. — Near the 
_ narrow edges, the shear stress distribution is complex, but the : - era rage ge resultant: 4 


a 


RESULTANT ‘SHEAR FORCE DISTRIBUTION IN (b) DIAGRAM OF 


orce per unit distance parallel to the narrow ‘side i is s represented b by fo: 


“acting x near the narrow sides. 


the isolated corner section, equilibrium of : forces in the eget: direction >". * 
‘requires that the shear stress resultant along the middle plane section — 


line b-b must also have an intensity S$, per unit length. 


One half of the resultant torsional couple is supplied by the Sy forces and hol 


other half is supplied by the forces ie aiineaias as will be sk shown. In Fig. 3(b), “summing 


the moments about ax axis d-d 


= a ‘| 
» 
> 
“Af 
ii -b and c-c, as shown in Fig. 3(6). From the 
lanes that are 96° apart, longitudinal | 
— | 
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ducing the relationship hi = 2§,, it is: seen that the torques and 
_ The rectangular section can be assumed to be split into 2 plates along its 
middle plane (b-b of Fig. 3(a)) and the 2 portions bolted or riveted together at 
the > Narrow ¢ edges using ‘bolt pitch p. The distributed forces Si in the middle 
plane section through line b-I b, over distance Dp, , might then be assumed to be 


“replaced a concentrated r Tiv et or bolt shear 


2 ‘Substituting S: from Eq. 7 into Eq. 9 and 0 the combined | thickness of 


the two plates by T 


_ shear R and the maximum torsional a stress Tm. “6 — Dr is the rivet pitch that 


“will produce rivet slip R’ and shear yield 7, at the same time, then -—-h—t—~S~S~S=S 


7 If the piteh i is s greater Sina Pr rivet sia w ill occur sinieaeiiitens of the material. 
If the pitch is less than p,, the material will ‘yield’ ‘prior to rivet slip. . The _ 
- initial linear relationship betw: een torsional moment and angle « of twist per unit 


will be limited by slip or yield, whichever occurs first. the working 


allowable values of rivet shear stress imply identical factors 0 of safety with 

_Tespect to slip and yield, ‘respectively, the pitch to 0 produce these values simul- 

taneously will be p PD, as given by Eq. 11. _ Although these factors of safety are are 
usually not equal, the accepted allow able rivet and Shear stress values will be 


used i in discussing the design of thes specimens t s tested i in this investigation. ¥ The 


“rivet ae for balanced design i in pure e torsion will be assumed as: _— 


as 


bas 
missible stress ss for the “material. The effective rivet or bolt 
distance along the length of the p plate r must be evaluated to assure that the dis- 
tributed shear force S;, acting along the middle plane section through line b-b— a - 


within the rivet or bolt pitch will be replaced by the rivet or bolt shear. The 


anna ‘the problem of 8 a » rectangular § strip loaded | on n opposite : sides by 2 


ompression in the middle oy falls away rapidly and changes | to tension at a 
distance fr om the line of action of the forces slightly greater than half the plate 


a 4 
7 torque supplied by S: 1s seen to be a little less than w and that sup- 
| 
7) 
J 
— 
| 


thickness." 1 The problem under consideration is somewhat different since it .. 4 


involves three-dimensional effects rather than two-dimensional and since no 
te tension can be developed between the plates. — How ever, it seems : reasonable a 
7 ‘assume that the effective clamping distance p per rivet is equal to the sum of the | 

_ diameter of the rivet (or bolt) head (A) and the over-all thickness of the e assembly F, —_ 


(7). iy Therefore, the rivet or bolt pitch ‘should n not be larger. than a critical = 


The effect of making p larger than pv will be treated i ina later section. | a 
rn WwW hen there are more than 2 plates, E qs. 10, 11, and 12 still apply since the : 


force | per er unit length (S;) to be transmitted between the 2 plates neares est the 


Tay * (0) BUILT- UP PLATE E (BOLTED OR RIVETED) © 


ape 


BOLTED OR RIVETED PLATES © 
“Fie. 4.—Bums-Ur PLATE oR RIVETED) 


“center will still be g given t n by Eq. 7 7 (if t there are an even number of plates) with 


the substitution of over-all thickness 7’ in place of single thickness ¢. if there 


are an odd number of plates, the force to be transmitted will be somewhat less 


Si and the procedure will be in error slightly on the conservative side. 


“Theory of Elasticity,”’ by S Timoshenko, McGraw-Hill Book Co., Ine., 


New York, N. 1934, 


a 

— 1 

aif 

mae j | 

= 
| 


—When several plates bolted 


7 together, s as shown in Fig. 4, the wake rows of rivets or bolts may be too far from 


the edges of the plates to produce the pressure required to develop sufficient 


7 friction near the edges s to replace the longitudinal S; forces. <u 
a ~ Mr. de Vries‘ assumed that the assemblage between the outer row s of rivets 


or bolts acts as a solid section, and beyond the line of the assumed solid section, > 
only the contribution of the individual plates - would be counted upon . This 
assumption, as shown in Fig. 4(6) seems very reasonable, simple, and on the 


conservative side. action torsion constant can be 


0.21 
or, if the edge effect i is neglected, 7 


= + 


Tf If the plates are not of equal thickness, the second term i in EK qs. 14a and an 


be derived directly the of acting: on the half 


section of a combination of 2 or Lenard pitch | length P, 


line normal to the plate interface. couple is equal to ———— 


— by the couple produced by rivet shear R with moment arm b.. Equating — 


equation is is identical with Bq. as previ 

_ of equal thickness are bolted 


in Fig. 5, the single shear 
force on the rivets. at 
center plane of the combined 
will be the same as in the 
of 2 2 plates (provided the 
total number of platesis even) 
and Eq. 11 for rivet pitch will be unchanged. — If there are an odd number of 
_ plates of equal thickness, the interface between the central plate and the adja-— 
cent plate will not be at the center of the stack and wg 11 will be inept too 
e—the error % for 


— 
— 
4 
a 
4 
tm 
a4 
should be — 
« 
— 
— 
4 
— 
— 
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PLATE 


4 


5 plates. | Int the interest of simplification, fe for actual design it seems detuehie 

to neglect this discrepancy. 
= 7 If there are 4 rows of rivets, as shown i in | Fig. 5, it might be presumed that 


the two inner rows would not be as effective as the outer rows. — the 
rivet value of the inner rows ee be discounted slightly, o olid section 


7 r 


— 
BOLTED» 


BUILT-UP 


ToRSION 

CONSTANT 


P-P'S 


TORSION 
CONSTANT 
VARIATION 
P-P’< 


ai aly 


EQUIVALENT 
TORSION 
CONSTANT 


we 
wil n later, ‘tests are in good with the a as- 
‘ emallen' that solid section behavior is maintained between the outermost rows _ 
the innermost rows being assumed equally” effective. procedure 
: ‘should not be extended beyond the limits of the test program. outlined in this — 
nan and should be limited, therefore, to a maximum of 4 rows of rivets, with 


the inner rows as near to ae outer ones as the minimum permissible ga gage @) : 


| 


| 
’ 

— 

| 
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together or or not bolted or riveted at ail, would: a0 


4 


If the pitch is larger than the critical one (p’ , Eq. 13), there w will bea tendency - 4 
& for the plates to develop separate action in the spaces between the rivet lines. 


This question also arises in the case of a w elded girder having intermittent 

WwW ‘elds to connect the component parts, in which case no clamping effect should 
be assumed betw: een the w relds and p’ As simply the intermittent weld length. _ 
Fig. 6(a), along the clamped portion (p’ the integral torsion « constant 
ms (Kr 1) will be used. _ Along the portion (p — p’) each plate will be assumed to. 
act separately. with both ends partially restrained. By ends are meant he 
_ dashed lines in Fig. 6(a), at which location integral action is assumed to begin 


in the r riveted | or bolted r region. 7 _ For a solid rectangular plate with middle cross = 


section 1 remaining plane e duri ing twist, Mr. Timoshenko” found that the decrease 
- of i) (total a angle of twist), resulting from the local constraint is the same as = 
decrease corresponding to the diminution of the length by the 
a independent of the length and varies in value from 0.212 w to 0.195 w, ac ool 
= to the ratio of w tot. The problem of this paper is somew hat different since, 
although partially. 1 restrained, the ends of the | ‘component. parts do not remain 
completely plane, but would have approximately the same degree of warping as 
the equivalent solid section. s However, as approximation, the transition be- 


twee een Ky and Ks will be assumed as as | s shown i in Fig. 6, thereby compensating for 


partial restraint effect. 
In view of the approximations the) ralue of bi in the present case 


will be assumed as 0.2 b. 7 ‘The equivalent torsional constant along the _— 
(p — p’) will be 


gy Kit - = Ks _ 0.2 


> ¥. is s smaller than 0.4 b, the torsion n constant will be assumed to var 


yo 


ose _ 12“On the Torsion of a Prism One of the Cross-Sections of whic’ h h Remains Plane,” by Ss. a 
_ Proceedings, London Mathematical Society, Vol. 20, 1922, p.389. 


| 
separately 
J 
— 
> 
oo 
] Uivalen | 
as shown In Fig. and the equivalent U 
= q a The over-all effective torsion constant Katt along the length p can be foun -_ a _ 
— 


nile 
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_ Mp! M(p- 


in abil o» is ‘the total angle of twist 0 over tl the length Pp; $1 is the total angle of 
twist over the length p'; dois the total angle of twist over the length (p — p’). 
The average twist per unit length Will be 


Therefore, 


ae 


sdf p is greater than p’, the force distribution | Showr n in ‘Fig. 4(¢) i is valid only 
over the distance p’, wherein integral behavior is assumed, and the 1 maximum . 
. % shear stress in this region, for a given rivet stress R'is, from Eq. 10, elite 


If the rivet pitch exceeds Dp’; ' the calculation of maximum shear stress must 
also be modified outside of the clamped region in riveted or bolted members, or 

between intermittent welds in welded members. W ithin the ‘clamped or W velded 


“gone the maximum shear stress may be assumed as” 


— 


‘ai 
If ae term (p — p  j is s greater than 0.4 b, , completely separate action midw: ay 


between rivets or welds implies tant the maxin num a shear: stress a at this location i is 


the individu are not all t should be taken a as the thick- 


‘intermediate betwe een TI Ts ssuming a a linear relationship, 


+ 


: 
— 
>.) 
| 
av 
— 
~. 
= 


Eqs. 24 | are re advanced tentativ rely in the belief eat they will give conserva-_ 
tive strength estimates. Insufficient stress measurements were made regarding 
the change in stress : along the length of the girder to investigate ests cpl item > 
Effect of Transverse Holes and S Stress Concentration —If a plate containing 
several open holes is twisted, there will be localized str ess concentrations near 
the holes. In the elastic range these stresses can be calculated approximately 
by av aila able formulas.’* If the plate is one of several comprising a built-up 


bolted or or riveted girder, the clamping action of the bolts an one per well « as 


oh would have their maximum upon the stiffness. was 
found that a reduced effective width gave good agreement with test results. — 
The reduced effective width is the a average width of a solid plate of identical _ 
thickness that has the same net volume of material as is in the actual plate with 


holes deducted. F For example, in the case of a plate of width w, having n rows 


7 
1 effectiv width w vould be 


rep, Ri 


Ww hen bolted, riveted, Or welded plate. tated 
ifferent parts may oceur as i in the case of built-up plate sections. _ Therefore, Ty 


he fabricated girders may n not be the equivalent of solid | sections, , either i in 
tiffness or or strength. | Howey ever, if sufficient rivets, or bolts having adequate 
sion, or adequate welds are used, it is possible to hold the slippage to a mini-- 
develop integral behavior inter mediate between complete solid 
“ Slip Between Different Components. —The maximum slip between different. 
"components | of fabricated plate girders, if the bolts or Tivets are loose, » is of 


oe magnitude to the slip between any 2 plates of similar : size, ‘as given 


4 previously by Eq. 6. — _ Ina girder of I-section, if there are 2 or more cover plates, 
the maximum slip between ; any 2 cover plates w would be given directly by Eq. 6. 
In the case of an angle connecting flange to 1 web of 3 a riveted plate girder, the 
Fret es displacement of the middle plane | of the a angle i is determined by the 
integrated effect of the friction of the component parts” adjacent to it. The 


_ determination of such h slip on the basis of arbitrary hypotheses will : not be = 


. - discussed i in this paper as it is of academic interest and the obvious objective i in 


. design i is to eliminate as much slip as possible by means of bolts, rivets, or welds. 7 = 


_-:18 “Strength of Materials,” by 8 Timoshenko, D. Van Nostrand Co., New York, N. Y., Vol. 2, 2d Ed., Re : 


— 
7 p _ stress condition and tend to eliminate the effect ofthe hole. Furthermore,asin | = &§ 
the case of bending of plate girders, initial local yielding in the steel will permit, 
4g stress redistribution and the holes therefore will have little effect upon the 
al behavior of the member as a w hole, | 
> | 3 = aa In the tests to be reported upon, as a limiting case, some of the plate assem- | og - 

4 

2. 
a 

_ 

— 

— 


_ Evaluation of Torsion Constant.—The torsion constant (K) may be deter- 

‘mined for rolled sections by standard formulas ‘and procedures. 3 In studying 

the test results of built- -up girders, it is of interest to compute K values fo for the 
= two extreme conditions of equivalent solid section behavior and separate action 


ws ‘The » procedure used in this paper f for built- -up girders penile that previously 
described for the case ¢ of built- -up plates Fig. 7 indicates the nomenclature 


SECTION SHOWING NOTATION 


* if cover plates me: of 
~ @) Bolted or Riveted nearly same width 


Girder Gross Section = be token as ‘the 


* 


Showing 


for girder sections The effective flange wi¢ width assumed as solid section is the | 


game as as that prev previously y discussed in the e case of an assemblage of plates, as 

_ As noted in the case of the single rectangular plate (Eq. 14a) there i is an 
- edge loss (a negative term) in the equation for the torsion constant. x . As the e 


— 
= 
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ratio - width to thickness increases, this edge I loss factor becomes 2 a | relatively, 
small item and may be neglected without serious | error. — When 2 or more 
rectangles are joined together to form a T-section or I-section, the torsion 
constant be obtained by summing the contributions of the separate 


: rectangles, u using Eqs. 14a or 14}, but there is an additional contribution at the 


‘effect may be evaluated as a function of D* (Fig. 7). For the rolled section 
there i is some justification for including both the edge st and hump effects in 
- evaluating the torsion constant, as was done for the rolled I- and WF-shapes,* 4 
even though these effects tend to offset each other. ¥ For riveted or bolted = 
ever, the as to the clamping action of bolts or Tivets— 


- more ; important in n the case > of the plate girder than for the rolled nidiiiek in as in { 
‘the latter instance sizes are standardized and tables of K-values are available. — 
_In view of these facts both the hump and edge effects will be neglected it in this 
analysis. ~ Referring to Fig. 7(a) and letting n equal the number of cover me 


in each the torsion constant will be 


lf the different parts. the torsion neglecting edge 


Kr = 3b Tp - 
If the different par parts acted separately, with n n plates in each flange, the 
effects w w ould | be 


nb 
3 


Rive ret ¢ or bolt pitch (pr) 1 may vy be. deter: mined by Eqs. ll or 12 2, as developed for : 
case of built-up plates. Then, pitch required i in the flange to simul- 
dev elop able w working riv Shear (Be) an and maximum shear stress 


‘ = if the permissible shear stress is 12 kips per sq in., Eq. 80a bec becomes 


with the clamping distance requirement (Eq. 13) that p ’ (flange) = A + tn 


14 ‘*Torsional Stresses in Structural Beams,’’ Booklet S-57, Bethlehem Steel Company, 1950. 


= 
oF 
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B connect the “ager plate to the flange will be less than vate in the flanges by te 
factor the pitch required i in these legs i 


(web) Tm T 


le shear stress is 12 kips per sq 


with the clamping distance thet p’ (we eb) = 

me the rivet or bolt pitch is larger than the critical ies . 
constant should be reduced. — Kgs. 17a, 17b, and 2 


bending and torsion, the rivet shear give en 

Eq. 10, could be combined with the rivet shear produced by the over-all shear 

resultant of the v ertical loads. ‘The combined | rivet shear should not exceed the e of 


torsion n 
2 for built- -up plate case can 


"permissible rivet value. 


sy, For: welded plate girders, ‘ti sizes of welds should be such as to sustain the 
‘clean n shearing stress dev eloped i in the w welds for solid section behavior. _ For 
example, if the size of to flange cover is a 


per 


strength of 1. 28 kips per ir in., corresponding to as ‘shear stress of 13. 6 kips per. 


sq in. — the minimum weld section, the size of weld can then be deter- 


If. a weld of ‘the si sine — in. is assumed. a“ have an allowat able 


on of per sq in in. 


ve wl 


S = 
The required size of w eld i isin. If welds connecting the various cover plates 


are intermittent rather than continuous, Eqs. 17a or 17b and Eq. 22 may be 


applied to 0 approximate the effective loss i in torsional nal rigidity, in w hich case p is 
the weld spacing and p p’ is the length ‘of weld. 


Strength.— —Ina rolled se section under torsion, , the critical shearing stress will 
occur along the. outer surface of the beam and along the fillets where the material 
is thickest. In built-up structural members, the maximum shear stress may 
oeeur somewhere else, especially around the rivet or bolt heads. _ However, 
neglecting these local stresses, the approximate shear stress can be deterr mined 


_ by Eq. +5, with the proper value of total thickness 7 substituted for the plate - 


— 

\ again, if the permissib - 

— 

4 

“ES — + welds required is S; pounds per linear in. which equals — 1) a 

maximum shear stress due to tors] 

— | 
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- The shearing stress is a function of the thickness of the material and the 7 
‘maximum stress in the flange (rr) and in web will be approximately 


MT. 


or eeen the mittent w as the case may may he 
calculated by Eq. 24. This equation probably gives too conservative an 
approximation of the strength but the problem will be an unusual o1 one because — 

_— continuous | welds should be used if torsional strength is important. rill 
A plate g girder of I- beam shape Ww ill not be > desirable if torsional loads are the 
primary design factor. The usual need for torsional information will be in 
connection \ Ww ith lateral instability , when the torsional and lateral bending stiff- 
nesses are of primary concern, and in cases in which the e load on the girder 
_ primarily causes bending but eccentric application: also causes torsion. . In 
= lateral instability, the only stress due to torsion, at loads b below the critical, will 
be. those unpredictable : amounts of stress caused by unav woidable eccentricities 
in load and the maximum shear stress to be expected i is considerably less than 
kips per sq in. Eqs. and 31b provide an ‘unduly severe rivet | pitch 
requirement in such a ease and should be modified by introducing in Eq. 10 the 


of Tm as by actual situation. In and 


CALCULAT 


“reported i in n comparison with ‘actual mie as ; the latter a are ‘based on measure 


dimensions of specimens whereas followi ing examples will use of the 


Illustrative Riveted Plate Girder — -Using the nc notation of of Fig. 7a), 


dimensions are obtained from Fig. 8(a): 


Length i in inches 


39.00 


an — 
| 
l continuity or 
case of a welded girder that welds are continuous. tmz 
If the pitch exceeds p’, or nt welds are welded girder 
|| 
i+ 
— 
| 
pre 
| 
=| 
= 
Sections, shown in Fig. 8, Of riveted and welded members, respectively, be 
48.5000 


‘peyou so pewoe puo Paysundaqns $010} 


AA 

i 


s 


of 


2: 


= 
— 
a 
| 
ZS 


oma 


RS 


ERS 


i=) 


— 


: 


| | g 
1: iL im. 
— 


‘The: rivet pitch in the flange is 2.625 in. n. The n maximum permissible pitch 
(p’ » for longitudinal continuity i is assumed ti to be. A+Tr = ‘1.344 + 1.875 - 
3.219 in., hence no reduction in torsion constant i is required. — If the working | : 
value of a 3-in. diameter rivet is taken as equal to the American Institute of 
‘Steel (AISC) peri of 9. 02 kips (single at 15 


shear stress as 82 (flange) = _ a 1.60 in. n. Since this pitch i is less iis 
the actual pitch of 2.625 in. it is obvious that 12 kips per sq in. shear stress in the. 


flange material will not be reached without exceeding the permissible ri rivet 


value in single: shear. The maximum shear stress in the flan; ange, Ww when ‘the 

- permissible rivet value is reached, will be — =4 .31 kips per sq per sq in. 

Ww Vhether or not this is too low will depend upon the cause and nature of the 


- torsional | loads that are e expected and the degree to which h these are combined 
with other loads causing bending. the | problem is simply one of stability. 
| during e erection there will be no calculable amount of torsional shear and the 


y Eq. 316, the pitch seiiieed 3 in the connection between the gles 


; This also is smaller than the pitch of 2.25 25 in. that was used, ' wr it is obvious 


that the pitch used in the flange shows a greater divergence from the ae - 


requirements and is, therefore, the critical pitch. = 


7 The torsion | constant for integral behavior i is now computed by i 


4(1.2 + 1.2 2: 3 
(1.25 + 1.25) (0.625) 


| This i is about 6 times the torsion constant - separate behavior « 
cma parts that can be calculated by Eq. 2 

Ks = 3{2 X 2 X 14(0. 625) + 48. 50 x © 500)? 


Kgs calculated for illustrative purposes only and is s not needed for design when 


The torsional moment capacity to the calculated maximum 
shear stress of 7.31 kips per sq in., that occurs in the flange of the s girder v when > 
the rivets reach their working value i in single shi me, can n be 8 caleulated ” solving = 


“The test results that very nearly linear in 


torsion will be obtained ed up to torsional moments greater than the calculated 


value of 243 kip-i in. 


om 
— 
= 
4 
e 
- », Ae 
— 


Length i ininches 


for integ behavior is obtained by substitution o of the 
- foregoing values in Eq. 28: Kr =3 x 13.50 & 1.875% + 4x 47.25 xX 0. 500° = 
Intermittent welds used in this girder, hence effective torsion 
7 constant must be calculated by Eq. . 22 and Ks must also be calculated using 


X 3 X 13.5 X 0.625% + 3 47. 25 X 0200" = 


_ The distance center to center of welds, or weld pitch (p) is my in., and the 


average length of flange cover plate welds , equivalent to rivet clamping distance _ 
) is 6.5 5in. _The ter m (p - p’) = 5.5 5 in is greater than 0.4 5. 4in., 


61.29 (5.5 7) x 8. 56 34. 


= 45 in 
5 ; Eq. 22, the average effective torsion constant is detern mined 7 
43. 10 a 


84.45 


Kor 


rigidity of welded g is prec ould dete an 


in the torsion constant of more than 40%, in this example. > 
By Eq. 32b, the required continuous fillet weld size for balanced ae eon 
in. to the nearest ‘eighth inch. 
nied 
/*_ ‘he fillet w elds connecting the edges of the two top cover plates are of 3/16 


in. size, 6 i in. . long, and 12 in. center to center. . Hence, they do not meet these — 


requirements. 
kips per inch) of 1.2W. .2) (1.5); and Wis is the weld size in neighths 
of an inch. ithin: the welded zone, where integral behavior is assumed, the 


maximum shear stress in the flange material can be found by solving Eq. 32a s 


for the value of 7m: Tm =— 3.84 kips per sqin. 


7 The torsional ‘moment ‘corresponding to the foregoing flange shear stress > 


found” by solving Eq. 24a | for the value of M; M Kr _ & 


Uustrative Exam le: Welded Plate Girder—Using the dimensions obtained 
from Fig. 8(b), and re obtained: 
| = 
A ta 
ta 
| 
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A 


nation 


(a) Buitt-Up Puates P-1, 6-In. BY PLaTEs (SEE Fie. 9(a)) 


ne 


Single Plate— 
wo Plates 
Bolted together. 
Bolted together 
5 Bolted together 
Bolted together. 


No holes 
With holes 
Bolted together . A 
holes 
Bolted together. 
Bolted together 
together 


Bolted together. . 
Riveted together. . 
= 


23 
4 Bolted together. . (staggered) Four outer lines 
| together. . (staggered) Four outer lines 


Bolted together 4 Four inner lines 
Bolted together . i 


Bolted together. . 

Bolted together (staggered ) Four outer lines 


a _ Bolted together (staggered) © Four outer lines 
Bolted together (staggered) Four outer lines 


Bolted together (staggered ) 7 A Four inner lines 
Bolted together ‘ (staggered) — Four inner lines 
- Bolted together Four inner lines 


Bolted together (staggered) Four inner lines 
Bolted together ; 7 (staggered) §_| Four inner lines 


boty bo 


Specimens all tested i in range aunt hone “(P)” whieh wi were also tuted t in th 


P-1-14 
= 
— 
ER, T-1A; No Cover Puate ( 


4 
| 
j 
| 


to 

> 
& 
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dotom 


aad 


> 


(e) 20- In. But Botrep Puat ATE  Grapen, T-3A; Two Cover PLa 


= 


(f) 20-In. Buttt-Up Bouttep Piate Girper, T-5A; THREE ER Puates Fia. 9(c)) 


T-5A- 1 
7-5 A- 2 


(web) 
(web) 


Bolted, no stiffeners... . 
Bolted, no stiffeners. . . 
Bolted, with stiffeners. . 
Bolted, with stiffeners 


50-In. Butitt-Up Rivetep PiLate Grrper, T-B- 


Riv. 


Riveted 
Riveted See rie 9(c) 


Fig. 8(a)_ 


(j) 20-In. WELDED PLate Girper, T-7 (See Fie. 9(d)) 
i 


elded, one cover plate 


No cover no stiffener 


Stiffeners but no cover plate 
Two cover plates, with stiffeners..... 


— 
SEE Fig. 9(c)) lz 
| 
T-4B-1 
@ Riverep Prats Gmnper, T-6B-1 (Sen Fic. 8(@)) 
T-1B-1 | Riveted, with stiffe 
— 


Notches machined ofter assembly 


(a) P-i 


(b) Specimen P-2 RIVETS BOLTS Ane via. 


se 


NOTCHES 
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F holes for T2 738 ‘TS (Bolt to ship) 
lRivets for T4 


FLANGE VIEW- BOTTOM FLANGE SIMILAR 


cover plote (bolted and riveted) 
T2-one cover plote (bolted ond P 


two cover plates (bolted) (bolted) T5- three plotes(riveted and bolted) 


Spoces 22" oport_=13'9' 


15/16" ,subpunched ond reomed , except as noted. 

78" ¢ shigh strength, yield point 70,000psi. minimum, with "hexagonal nuts. 


s. 7/8" ? ,report the temperature of the rivets when driven ond the manner of driving. — 


(c) TEST SPECIMENS - Ti, T2 .73,T4,a0nd T5. (one each) — BUILT UP I BEAMS — 


Not 


SPECIMENS 


7 
= otmars (Bott to ship) 
giel: Structural carbon steel ASTM-A7. All plotes of one thickness to be made from the same rolling. The 
— 
| 


= 
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Since p’ is greater than 0.4 b, the maximum | shear stress in the flange, midway i, 
w the welded zones, is given by Eqs. Limited stress measurements 

indicate that the actual stress between the welds i is lower th than that given by r Eq. 

24d. _ However, the equation is conservative and may be used for design | pur-— 


‘ 


(125. 5)(0. 025) _g 


Although this value i is 2.4 times the maximum stress i in the 
zone, ‘it is less than the allowable value of | 12 kips per sq in. that has been 
-assumed in these examples. Hence, the most critically stressed parts of ‘the 


girder a are the w velds, 0 on the basis of which the torsional moment of 125.5 kip- -in. 
was evaluated. The test girder on which h this illustrative « example is based — 
“showed linear behavior for values of torsional moments nts up to to more t! than twice © 


amount. 


Benavior ABOVE T THE ‘Exastic RANGE 


if the torsional moment exceeds the value causing initial ~ 


15, usually on ‘the basis of no "Mr. Cheng has 
* plastic behavi ior of the specimens tested in this investigation. ui Because of 


the great twisting deformations of girder sections at torsional moments ¢ causing — 
initial inelastic behavior, a presentation of this theory is not of practical im- 


to the design engineer. 


WwW hen the angle of twist becomes large, longitudinal fibers aw ay from the axis 
of twist become helices and tend to shorten in proportion to the distance from 
& : the twist axis. Hence compressive forces are induced at the center of the 


section and tensile forces at the sections farthest removed from the twist : axis. 


or’ ; The tensile forces, acting at the largest angle to the twist axis, have a ‘torsional 
‘component about the axis of twist resisting the applied torsional moment. The 
effect i is negligible for small twist angles but becomes eye in the early bs 

stages of plastic Asa a result, torsional moments fore mplete plastic 


moment strength that are too low for the usual aovene section. ; . M.S “T= 
- Cullimore 18 has derived formulas for the direct stresses induced during a large 
twist of I-beam sections. Mr. developed similar formulas and meas-_ 


16 ‘‘Plasticity,”’ by A. . Nadai, McGraw-Hill Book Co., Inc., New York, N. Y., 1931. 7 (wittiehw = 


aya r Fes! ‘The Torsion of Solid and Hollow Prisms in the Elastic and Plastic Range by Relaxation Methods,” 
Shaw, Report 11, Australian Council for Aeronautics, November, 1944. 


17"On Torsion of Plastic Bars,’’ by F. G. Hodge, Journal of Mechanics, Vol. ol. 16, No. 


“Phe Shortening Effect—A Non- linear F F eature of Torsion,” * by M.S Cullimore, Engineering 


Structures-Research Engineering Structures Supplement, Colston Papers, Academic Press, New York, N. Y., : 


8 “Torsion of Built- Up Structural — by F. K. Chang, thesis pre presented to Lehigh Univer: ersity, 
" Bethlehem, Pa., in 1950, in partial fulfilment of the requirements for the — of Doctor of Philosophy. © 
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ively 1 The elastic-_ | 

per unit increment of torsional moment progressively increases. The elastic- 
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Test PROGRAM, ‘SPECIMENS, A AND "Apparatus 


_ As the scale factor in bolted, riveted, and welded sindere may be important, 
experimental: ork on full- “size > specimens was necessary to verify formulas 
Table 1 ; gives a list of thes specimens tested in the complete test program. For 
= bolted types the variables were bolt tension, pitch, and gage lines. The details 
of all the specimens are shown in een ec 
Figs. 8 and Space limitations 
permit presentation of only a 
a part of the test results. 
Design of Specime mens. 
general, “the specimens tested 
were not specifically designed for i 
4 torsion, but rather were intended 
to have proportions that are 
common for plate girders 
signed for normal vertical loads 
4y that cause bending in the plane 
of the maximum moment of i in- - 
ertia. Nearly m minimum bolt or 
Tivet piteh was used in many 
cases, but tests were also” ‘made 
alternate lines of bolts 
moved. - detailed analysis of 
thep predicted torsional properties 
of all the various specimen com-_ 
_binations that were. tested ‘and 
are as listed in Table 1 is not 
_ within the scope of this paper. — 
7 How ever, the results of many 
“such analys ses are shown by the 
plotted theoretical torque-twist 
curves in the graphical presenta- 
tion of test results. — The proce- a 
dure eof analysis has been outlined | 
Spt detail in the two illustrative 
examples that were based on test 
AISC allowable sin Testiva Macutwe 
shear value for rivets was used in ™ analysis of both the riveted and bolted 
specimens. The test results indicated that. the high tensile strength bolts 
used, when tightened | to 300 ft-lb torque, very nearly simulated the behavior 
of tiv vets in the elastic range and in the early stages. of yielding. Se 
__ Specimens Pl and P2 were used to study the behavior of built-up plates. 7 


‘tees simulate the flange of a . heavy girder, from which most of the g girder’ s 


stiffness and strength in torsion is derived. 


_ With one exception (Test T3A2), the bolted g girders were tested only i in the 
ic range, in order to — the effect of various combinations | of plates, — 


» 
— 
— | 
4 | — 
7 
ba 
— 
> 
— 
— 
F 
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tests, ‘the s specimens were riv in n the to the lab for’ 


final testing to failure. 
_ Although the rivet pitch in specimens Pl, P2, and Tl to T6 is in many cases 
less than that required for full torsional : strengtl h, the piteh i is usually ‘adequate 
adequate to provide longitudinal continuity. In such a case full 
torsional rigidity should be obtained at low torsional loads but general inelastic 7 
_behavi ior due to slip, y rield, « or r both, will start at lower levels than for a balanced 7 
at The rivets were driven using a 50-ton bull riveter with a pressure of 100- Ib 7 
gage. Ther rivets were at a temperature of 1650° (cherry red) w hen driven 
and the approximate driving time was 0. 05 min per. rivet. 
‘The 2 welded girders” (specimens: T7 and T8) had welds ample for 
"stresses that would result, from v ertical loads causing bending. _ As shown in nthe — 
illustrative example, these : specimens were underdesigned i in strength and longi- 
tudinal continuity when tested for pure torsion. 
‘Test Apparatus. —The torsion testing machine, as dom in Fig. 10, was 
“9 ‘designed and constructed especially for this project and has been described _ 
elsew here. The torque is is applied to the plate attached 
a 88-in diameter rotating head that is turned by means of a 4-in. by lin. 1. flat 
wire: rope, using an old standard model testing machine as the power source. 
To measure the applied torque accurately, calibrated aluminum torque tubes of. 
various capacity, mounted with SR-4 gages, are inserted | at one end of the 
‘Stationary head. The stationary head, in turn, while resisting the e applied | 
torque, rests on rollers that p permit longitudinal movement ' Ww hen the sp specimen 


Measurements o} of dete mation were made by the means listed i in 1 the follow- 


7 Measurement 


Angle ‘tw ist 
‘Variation i in length during twist — 


‘Slip between different it components | 


of each girder. — The difference of tilt angle between 2 level bar stations, divided 7 


“sR 4 gages: 
Level bars 
Ames dials 


by the distance between them, gives the angle of twist per r unit length. - _ 


In all tests reported herein, approximately free-end conditions w ere ob-— 
tained. Torque i is applied by end fixture plates as shown in Fig. (10. The | 
ends are free to warp, except for friction forces that are small in proportion to 
forces required to fully 1 restrain the section against warping. Local lend-— 
“effects caused by ther manner of application of the torque taper off very apidly. 


7 The center portion o of the girder, therefore, was assumed to be in a state of 
— 
Test RESULTS | 
Physical Tests of Materials in Test Specimens.—The tensile properties 


every part of each specimen were determined. “4 In general, the material met the 
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A-7 steel for bridges or buildings. In computing theoretical twists per unit 


‘unit torsional a ntative v of shear modulus 


American Society fa Testing Materials Is (ASTM) specification requirements for 


‘Fie. 11. UT AN 
and Rivet Tests.— was deter as a tion 
7 of applied bolt torque by mounting SR-4 strain gages on the shank of bolts in the 
manner shown in Fig. 11(a) . By this means, the strain in the bolt can be 


‘measured and the tensile force dev: eloped i in the bolt can be c computed for various — 
applied torques. 7... curve typical of these test results is. is shown in Fig. 12. 
Then, the effective coefficient of friction betw een the plates « or betw een the bolt 


_ head, nut, or w asher a and plate was detern mined by using a | set- -up p similar to > that, 


7 an average value of 0.25 was obtained for the coefficient of friction. - ~The test 

results are summarized i in Table 2 . 7 


TABLE DFFECTIV E NT OF FrRicTION For BOLTED SPECIMENS» 


Torque applied ‘Unit stress ‘Total stress Average load, to Effective coefficients 


(ft-lb) (Ib per sq in.) | start slips (Ib) | of friction 


17,000 | 10,000 5,100 A 


30,000 


Tests were made to to detern mine the values of coefficients of fi friction: for rivets — 
<a in . single shear for conditions typical of those used i in manufacturing the test , 
ecimens. The test results for the various conditions equipment, air 


ressure, temperature, and driving time are / summarized ‘in Table 3. _ These 


* 
— 
kips per sq in. and Poisson’s ratio value of 0.29. = = 
— 
{ | - 
ce 
' 
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_ specimens allowed 0.5- -in. | slip before coming to bearing, thus differentiating — 
clearly between the effects of friction and bearing resistance. — 
Plate Specimens.— —These were a preliminary to girder tests and o nly a 


representative s selection of test, results are presented i in this paper. 


4 Stress develeges | in bolts, p psi 


OLTS 


1G, 12.—Typrcat CurvVE For j-IncH Hien Strrenetu B 


The 9(b)) were pilot in a 


using ‘the 200 000, 000 : in.- ..-Ib machine. In the aoe there were 2 2 2 rows of bolts, 
in. at 2} in. center to center. _ effect of on both the 


for riveting included for comparison. for 2 2 plates ‘bolted 
gether is almost identical to that of the 4- plate case. 


20-in. X 8-in. plates P2, Fig. bolted together were 
_ twisted | 1 in the e elastic range only. The effects o of bolt tor que and gage line 
: location are shown in Fig. 14(a) . The longitudinal slip between plates during 
7 twist was also measured and was found to depend largely on the bolt torque. 
§ Tv he longitudinal slippage between | loosely bolted plates checked very well w ual 
theor etical curves as determined by Eq. 6. 
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ste com plete failure. 
tw ist and curves the test are in Fig. 140). 


‘Strain lines 
"appeared. on the rivet heads at 240,000 ) in.-Ib torque, o 


plate near the 


TABLE 3 3. 


RESULTS OF TESTS ON ETS FOR 


Test number | _ equipment Air pressure | rivet tempera- 


Lond a at art of sips 
> (lb per sq in.) ture (degrees drivi ing time 


| 3 


_ Hand gun 
Bull rive ster> 
riveter? 


~Bull riveter> 


| 3 20 to 15) 


ue, > 50 ton model. Cherry red. Bright 


Rolled Suttion (Specimen 79) —One rolled section ws as in order to 
pene its characteristics with the bolted, riveted, and welded types and to 
correlate this program with ‘earlier investigation.’ 8 The test results were shown 
ni to be i in good —— with this former research. The torque- tw ist curve is 


shown i in Fig: 


Bolts 2-1/4inC.C Gage Lines. 


Test! 


Test 


here stress concentrations occurred due to ‘the ‘sharp curvature of the fillet. 
At 86,000 in. 1.-Ib strain lines appeared along the c center line of the flange where ~ 
the largest inscribed circle touches the boundary. , The moment for the com- 


pletely plastic stat state, assuming no strain- 1-hardening, is is also shown, but ‘itis —_ 
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_ Bolts not tightened © 
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ft 
300 ft 


Action | (4 nner Rows) Bolt torque 
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. Bolt torque 
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— Bolt torque 

torque 


p2-i4 | Riveted 


Theoretical 
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Effective Width 
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Twist Curves 


tests study | the effect of on the girders. 
' In test T3A2, as s shown n in Fig. 15(6), strain lines appeared around the bolt heads: 
7 at 117,000 in.-Ib and on both the flange and w veb at 210,000 in. -lb. Ata torque 
‘of about 340,000 in.-lb buckling of the web became noticeable because of the 
flange shortening effect. The torque- -tw ist curve for specimen T3A2 is com- 
: pared with that of ie T4B1 that has the e same dimensions e except that 
q beam T4B1 is riveted instead of bolted. | It may be noticed that the bolted 3 


(300 ft-lb bolt torque) and riveted specimens behave e more or less the s same in the 7 

lower load range, but the riveted specimens were relatively stronger in the 

inelastic range, after initial slip. 

In order to i determine the torsion constant (K) of this and other 
test specimens, the elastic torque-twist curves were drawn to a larger 
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seale than that o of 15(6). F rom Eq. 2, is defined as the slope of the 


torque- twist curve (in the elastic range) divided by G. 
_ The effect on belted girders was also: studied in the test 
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distribution in the belted specimer ns was dailies to that shown by the riveted 


girders, 


~ Riveted Plate Girders——Riveted plate girders 20 in. deep w were tested to 
- failure. _ The torque-twist curve for test T1B (with no cover plates) is shown it in 
*F ig. 17 (a). _ The torque-twist curve for beam T2B (one cover plate) is shown a 
in Fig. % Strain lines on the flange near the rivet at a 


_ The tor dioaas sais curve beam of T4B (with two cover plates) is plotted in — 


‘Fis ‘ig. 15(6) i in n comparison with t that of a similar bolted girder. The: sequence of 


—_— of strain lines on specimen T4B was similar to that, of specimen | 
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At Load of 
144,885 in-lbs 
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IRQUE FOR KIVETED AND BoLtTeD GIRDERS © 


As with all other her bolted and rivetec eted | specimens, the first Strain lines in test 
= (with 3 cover er plates) appeared on on the flange near ‘the rivet heads. 7. Ata 


load of 240,200 in.-lb the strain lines started to appear on the rivet heads them- 


Ives. Strain lines as show vn. in Fig. 18 appeared on the web when the load 


reached 298, 000 in. Ib. The torque- twist curve is shown n in ‘Fig. 17(c). 
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TORQUE TWIST CURVE FOR 50" 
GIRDER (SPECIMEN T- 6) SHEARING STRESS DISTRIBUTION AT LOAD OF 


G “Shear stress diatritvation at certain loads s show n in Fig. 19 | for all the 20-in. 


riveted girders (T1B, ‘T2B, T4B, , and for these 
specimens is s show! n in Fig. 20. 


and then the thee ows of rivets, “This 


_ behavior agrees with the assumption made in - evaluating the integral action 


torsion constant, that the portion between rivet as a solid ‘section. — 
when a maximum load of | 
340, 000 in- Ib had been applied to specimen. he strain: lines on the w 


“indicate the buckling that occurred. x Fig. 21(b) shows. the shear st stress s distribu- 
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PLATE 
Welded Girders. —The 20-1 -in. W elded girder (specimen T7. Ww 
first tested in the elastic ran range with . no cover r plate, then tested to destruction — 
with one cover plate on each flange. Fig. 22(a) 1 is the torque-twist cu curve for - 
the latter test. The shear stress distribution at 82,000 in.-lb is shown in 1 Fig. 


00002 00004 00006 00008 
TWIST IN RADIAN/ INCH 


= 
23. —Toneue Tune FoR WELDED GIRDER 
d to 


“failure. torque- twist curve is shown nin n Fig. 23. Gel is 
q between the theoretical value of K (Kets as determined by Eq. 22) and the test 
- results. _ The maximum torque : applied was | 940,000 in.-lb. At 519, 000 in-lb 
= ‘strain lines font appeared along the i inward side of the flange and a at | 639 = 
 ecblinn of the web became very ry apparent ats a , torque of 7 10, 000 i in. n.-lb ond at 
930,000 in. n.-lb torque, the welds connecting the cover plates started to. break, 
with a corresponding rapid increase in angle of twist. 
The shear stress distribution at 452 000 in.-lb is ‘shown in Fig. -22(b) for. a 


location within zone of the welds. The flange stresses in this 
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was hrst tested in the elastic range with and without stiffeners. Thegirderwith _ 
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section are lower ‘than the | theoretic: il although the web stresses are 


surements were between “the nittent w 


ABLE. SuMMARY OF Test PROGRAM AND COMPARISON 
WITH THEORETICAL V ALUES | 


J 
Test Ratio | Stress | at a pro- 
THroretic T TEST ‘per |Theoret- By limit | Col. 8| ‘ol. 9 Col. 10 
ical | strain} strain (in. -kips) | Gor. 7; Col. 
(a) Bo.tep Specimens (j-In. DtaMetrer Bocts at 300 Fr-Ls 
- P2-12 | 6.27 | 85.60 | 83.80 | 6.98 | = 
~T3A-2 | 2.28 | 10.36 | 10.65} 1.03 | 20.9 174 | 117 | 118 60 0.67 | 0.68 | 0.35 
T6A-4 | 10.22 | 64.92 | 59.60} 0.92 | .... | 


RIVETED SPecIMENS (-IN. ET 


TIB-1 | 1.56| 1.5 1.19 | 20.7 65 
‘T2B-1 | 1.94] 5 115} 211 124 | ‘356 | 079 | 0.8 
~T4B-1 | 2.28 1.18 | 208 | 173 | 57 | | S$ 
2.43 0.9 21.1 | 242 168 | 198 | ‘| 0.6 8: 
-T6B-1 | 10.22 38 | 750 | 750] 5: 0: 


138 100 


| 138 | 1.79 | 1.79 | 1.30 
8.01 | 43.40| 1.02 | 20.5 | 266 | 519 | 581 | 480 | 1.95 | 218 | 180° 


values on measured dimensions. Ty = 0.58 oy in which is on actual 


1.00, 14 


1.00 
| 


tensile teats. M, = Moment at 0.00006 radians per in. permanent set. by Eq. 


but not exactly at the ‘midwa ay point. hese stresses av about 1.5 times: 
the stress in the welded zone. ; oz he approximate stress midway betw een W elds, 
by the tent: atively ae 24, would be 2.4 times the stress in n the w elded 


DISCUSSION OF TEstT RESULTS 


Stiffness of Built- Up. Plates and Plate Girders.—In Table 4, the torsion con-— 
Beck obtained | by test are compared with 1 the values computed by use of the q 
p 


roposed torsion constant formulas. equations for Kr, neglecting 


ta 

q 

= 
i 
4 

= : 
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“the hump and e seas effects, give reasonably good a agreement with test cone in 
both the bolted and riveted cases. s. Fe or specimen T1B, Ks (separate action) is 
_ the same as K; (integral action) because this girder is W ithout cover plate and 
has only o one row of rivets connecting the flange and the web. ees =f 
_ For the riveted or welded girders (Table 4, Col. 4) the value of K deter _— 
. by test was never more than 9% less than that determined by formula. 
8s trength of Built-Up » Plates and Plate Girders-- —For structural members aad 
in common practice, a unit twist ¢ of approximately | 0. -00006 r: adians per: in. might 
be allow able. — The torsional moments that will cause a perenne set of this. 
value are tabulated i in Col. 10, Table 4, there 
of linear behavi ior and affording an arbitrary basis of none h comparison. 7 
In the riveted and bolted girder tests the torque- -twist curves start to bend 
before the value of Tmax reaches the yield ‘point in pure shear. > The Teverse is 
true for the rolled section and the w -elded girders. - The torque- -twist curves for 
unloading are nearly straight lines, approximately parallel to the initial straight 


Col. 6, Table 4, gives the shear yield of the ma materi: il as calculated from tensile 


girders a are elisted i in 1 Table 4, C moments at the i initial as 

cated by ‘strain lines (Col. 8) and by strain gag gages (Col. 9) : are also tabulated for 
comparison. Cols. 11 and 12 show) the ‘relationship of these moments to those 

predicted by the tensile c: coupon tests and Eq. 5. The initial yield torsional 


-moments as determined by strain lines and strain gages are similar in most of © 


Col. “10 lists the torsional moment at an qsiinas ry degree of pet permanent — 
“twist (0.00006 radians: per in.) By examination of Col. 13 it is seen that fo 
bolted and riveted g girders, ;, this amount of set dev elops at 35 to 72% of the 
theoretical moment for initial yield. _ This set is caused by two factors : (1) 
The riv et or bolt pitch used was s usually greater than that t required by Kq. i land f 
(2) the w working v: alue of riv ets, a as per rmitted by AISC, is s very ¢ close to the rive : 
loads that cause initial slip. Cols. 11 and 12 show that (omitting test T1B- 
actual yield occurred at moment loads v arying from 67 to 102% of that pre- - 
dicted by Eq. 5 with early riv et or bolt slip undoubtedly being a contributing 
factor to the stresses ‘that were higher than’ predicted. Test 
showed different behavior from 1 the other riveted o1 or bolted specimens. ens. ‘The 
Ys slope o of the torque- -twist curve 1 in this test iner sed initially with an increase of 
; 1.oment sd Apparently, behavior is initially very nearly that of separate action, ny 
_as assumed, but the interfaces between flange angles and web plate may dev ~~ 
greater friction because of binding as.twist develops, thus approaching p: aartial 
integral behavior, 
Me The w elded ‘girders | exhibited quite « different | behavior from the riveted or 
bolted specimens. ‘The calculated vs alues of moment at initial yield are ‘based 
on separate action, because of the fact that the welds are intermittent and a, 7 
a Of more 0. 4 is an over-conserv ative 
vy and test would | — 
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have been seit had fully continuous welds been used and these e should b 


required if maximum available torsional strength i is required. — _ The behavior of — 
these welded girders, underdesigned as they were fo for torsion, shows s their marked 
superiority in this respect to similar riveted girders. je a Sais 
The rolled section exhibited excellent agreement between theory : and test, a 
y might be expected, since in this case integral behavior is inherent in this se section 
and not a characteristic that is approximately broug ought about by rivets or welds. 


similar agreement should be obtained for welded girders | with fu fully continuous 


welds of adequate strength interconnecting the edges of all cover plates. i 


testing program the that affect the torsio ral 


havior of built- up members. most important of these are: : (a) 


“gage e line heeatien:; (a) the piteh of the bolts o or - rivets; aad © the presence of 
stiffeners; 
(a) Tension an Bolts.—F rom Table 2 , it is s seen t that the bolt tension directly. 
affects the bolt values in . friction, that in turn are e required to supply the longi- 
tudinal shearing stresses over the p in the interface. Shi — 


the bolt value in friction, in a. 1 give en in the bolts. 


will de determine at 1 what torsional moment appreciable slip will occur and ‘the 
cor rresponding point of departure from n straight- line re snide in the torque- 


twist cu 

Method of ‘Driving Ri frieti 
results indicate that the 3-in. rivets, driven by ordinary shop practice, corre- 
‘spond to Z-in. high strength bolts, without w ashers, tightened to 300 ft-lb bolt 


© Gage Line Locations of Bolts and Rivets. —In evaluating the integral 
action torsion constant, the assemblage i is s assumed to act as an equiv valent solid | 
‘section between the outer rows of rivets or bolts. | This assumption agrees: very 
Ww ell w ith the test results. _ Therefore, the gage line location of bolts and : rivets. 
; affects: both the strength and stiffness of built- -up members. if possible, the 
rivet (or bolt) lines ‘should t be located near the edge o of the ated memoria 
order to obtain a torsionally - stronger and stiffer member. 

— (d)i Pitch of Rivets o or Bolts. —The effect of rivet and bolt pitch on the stiffness — 
and strength of built-u “up ‘structural members has been approximately evaluated. 
If the pitch i is larger than p’ = A + T (the pitch required for longitudinal 
_ continuity), , the torsional constant (K) will | be reduced according to Eqs. 17 and 
22 and the n maximum shear stress | will be increased in comparison, with full | 
integral behavior. — Likewise, the torsion constant is reduced and the ‘shear 

stress raised if intermittent Ww elds are used i in w elded girders. 
Stiffeners rs.—Stiffeners have little effect on the and stiffness of 
_built- up members under uniform torsion in the elastic range. __ The riveted 


girders with s stiffeners are somewhat stiffer than those without stiffeners. — 


— 
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a effect of stiffeners on w welded girders is not. appreciable, An important function 


of stiffeners is to tie the : flange . and web together in in deep girders to assure that 
the flange and the web will twist through the same angle. In other words, the 7 


= stiffeners s serve to maintain the shape of the cross section, an important tension 
points of torsional load application. 


e 

girders are developed and | illustrative presented. a8. 14,: 26, and 28, 
for built- up plates, riveted and bolted plate girders, and w elded slate ate 

vely, are recommended for practical design purposes. 
‘The pitch of rivets or bolts affects both the stiffness and strength of built-u -up 7 
structural members in torsion. For strength, the pitch should be designed by — 


= E qs. il and 12 and for longitudinal continuity the pitch s should not be 7 


greater than inp’ = + If a pitch greater than p’ is s used, the torsion con- 
- stant should be calculated by Eqs. 17 and 22 and shear stress computed by Eq + 
24. The reduced strength and stiffness of welded girders with inter mittent Y 
welds may be evaluated in a manner similar to that for riveted girders having | a 
Bower greater than p’, the effective clamping distance, wh Ww hich i in 1 this a 
‘sponds to the length of the individual weld. 
‘The typical shear stress distributions in bolted oul riveted plate girders: 
under torsion are show n in Figs. 19, 21, and 22. ~ The maximum . shear stress in 
the girder sections tested occurs: in ‘the fillet between flange and web. the > 
= highest stress occurs | in the flange near the Tivet (or r bolt) head. . The 
stress concentrations in the fillets have little effect on the over-all torsional 


behavior. Eq. 5 is in good agreement with measured shear stresses ‘in the 


flange and w web away from the fillets. 


The slip betw een different components of the built- -up -members under 
= torsion is discussed. - Eq. 6 determines the amount of slip betw een the corners © 
of loosely bolted built-u -up plates. The tightness of bolts or the method of driv ring 
«Sveti determines at what torsional moment slip will occur and at what hat point the - 
, _ torque- twist curve w ill depart from the straight line relationship, 


- Stiffeners in deep riveted plate girders increase the torsional stiffness some- 


w vhat and may be required in deep girders t to maintain the shape of the cross. 


high U of of Civil Engincering Mechanics 
under the W. J. Eney. Facilities for the | program were 


- The building « of the special torsion testing machine required for this program 
receiv ed additional financing through the support of the e Institute of Resear 7 

_ of Lehigh University together with aid from the Pennsylvania State Department 
Highways in cooperation wi ith States Bureau of Roads. 
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ae of — York City, N. Y., and the Lehigh Structural Steel Company, the 
latter f firm having donated most ofthe. test t specimens. ‘The Sub- committee 0 on 
~ Torsion of the ASCE Applied Mechanics Committee aided in planning ¢ and» 
This paper is based on. a complete report of ‘the test program 
ween by Mr. Chang as a thesis in partial fulfilment of requirements for a 
doctorate degree at Lehigh | University in 1950. _ The title of this: thesis 
‘Torsion of Built- -up ‘Structural Members” and it i is available. on : loan from the 
university, 
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